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Organic molecule 5,6,11,12,17,18-hexaazatrinaphthylene (HAT) nanowires 
were synthesized and applied as cathode material for lithium ion batteries. The 
results demonstrate that the molecule has an outstanding cathode performance 
in the electrolyte consisting of LiTFSI dissolved in 1,3-dioxolane (DOL) and 
1,2-dimethoxyethane (DME). During the charge-discharge process, two 
electrochemical reactions occur with the redox at 1.5 V and 2.5 V, displaying 
six electrons transfer. Electrochemical study shows that the molecules have 
several competitive properties, such as high capacity, stable cycling and high 
coulombic efficiency. The molecules exhibit a capacity of about 260 mAh/g at 
a current density of 100 mA/g. In addition, the molecules afford a capacity of 
200 mAh/g at a current density of 400 mA/g, and this performance has been 
tested 500 cycles. It has a coulombic efficiency close to 100% and high 
capacity retention of 91% after 500 cycles.  
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Chapter 1 Introduction 
1.1 Rechargeable lithium batteries and their challenges 
The global demand for energy has been rising exponentially over the time. 
Rechargeable lithium ion batteries have dominated the market for a long time for 
portable electronics with high energy densities.[1, 2] However, like any other 
materials, LIBs has limitations that have been overlooked due to their greater 
advantage in daily usage. These limitations of LIBs are related to the cathode 
materials.[3] Currently, inorganic materials dominate the market due to their 
systematic mechanism research, mature technologies and stable performances. For 
example, lithium cobalt oxide and lithium iron phosphate are widely used in various 
LIBs.  
However, these inorganic materials have their own shortcomings. Some of these 
materials require elements that are not naturally abundant, which renders these 
materials unsustainable. As a consequence, the price of inorganic materials will 
skyrocket in the future. Furthermore, waste electrode materials contain heavy metal 
ions, which are the main culprit in environmental pollution. The biggest challenge of 
inorganic electrode is that their energy densities are difficult to improve. Even though 
many materials have a theoretical capacity of 300 mAh/g, the actual attainable 
capacities are half of that. Thus, discovering new cathode materials for rechargeable 
batteries with high capacity and power, free from heavy metals, is an important 
research field. 
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1.2 Organic materials for electrode in LIBs 
It is attractive to consider the use of organic molecules as candidate electrode 
materials for rechargeable LIBs. Compared with inorganic molecules and other 
materials, on which researches have reached their maturity, organic materials offer 
several advantages over their counterparts, i.e. lower price, elemental abundance and 
higher specific capacity et al.  
However, due to stability issues, the development of organic molecules is slow after 
the first report on organic electrode.[3] Now, with the urgent demand for novel 
electrode materials, more researchers are focusing on organic molecules. Some early 
studies have investigated a few specifically designed organic molecules for electrode 
use. They showed many advantages. 
Higher theoretical capacities and higher actual capacities. Usually organic 
molecules have more active sites for lithium ions; 
Potential low-cost and safe raw materials. Many molecules can be obtained in a 
variety of pathways, even biomass transformation;[4] 
Recycling and eco-friendly possibilities. The electrode materials can be enriched 
and transformed into other materials by different chemical methods for recycling 
purpose. 
These advantages make organic molecules ideal candidates for recyclable, low carbon 
footprint and safe LIBs electrode materials. Therefore, it’s necessary and promising to 
develop electrode materials from organic molecules. 
Based on previous studies, we draw a conclusion that testing a suitable organic 
electrode material involves three steps: molecular design, material synthesis and 
characterization and electrochemical activity tests.  
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1.3 Previous researches on organic molecules for LIBs’ electrode materials 
Previous researchers have studied different organic molecules for LIBs. Two groups 
of electrochemical active organic molecules are widely investigated recently: Organic 
carbonyl containing molecules and N containing molecules. 
1.3.1 Carbonyl containing molecules 
Carbonyl is a common functional group that shows apparent oxidative ability. The 
mechanism scheme is shown below. In the presence of appropriate stabilizing R 
groups, the carbonyl group undergoes one-electron reduction to form a radical 
monoanion. When several carbonyl groups are conjugatedly connected, the single 
electrons generated during reduction could combine intramolecularly to form 
multivalent anions. 
 
Figure 1. Mechanisms of carbonyl containing molecules for LIBs 
Carbonyl compounds for cathode materials goes back to 1960s when Williams first 
used dichloroisocyanuric acid in primary lithium battery.[5] It showed a rough charge 
capacity about 120 mAH/g with a potential ranging from 3.0 to 3.5 V. But the 
discharge procedure was irreversible because of its chemical formation. Then Alt 
investigated chloranil,[6] the carbonyl secondary lithium battery cathode material, for 
the first time. After that, many carbonyl molecules were used as electrode materials. 
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However significant solubility in electrolyte caused poor cyclability of these 
molecules.  
 
Figure 2. Early carbonyl containing molecules for LIBs. 
To address the solubility issues by designing large molecules, 
nonylbenzo-hexaquinone (NBHQ) (3), was first reported for its reasonable cycle 
performance by Pistoia. [7] With large molecular weight and planar structure, NBHQ 
exhibited reversible capacity of 125 mAh/g. The theoretical capacity of NBHQ was 
489 mAh/g, assuming that all 12 electrons participated fully in the redox reaction. 
However, only three electrons were involved in the reaction. NBHQ was then no 
longer considered as promising because of its low capacity (only 25% of theoretical 
value) at that time. In order to solve this intrinsic shortcoming of carbonyl molecules, 
several other strategies have been proposed.  
Polymerization and oligomerization 
Since most of the carbonyl containing molecules are small with high solubility, one of 
the solutions is to immobilize the molecule. The direct way is polymerization or 
oligomerization without destroying the electrochemically active functional groups. 
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Haas reported a poly-quinone (4) in 1999 using PAn as backbones.[8] This method 
significantly decreased the solubility and enhanced the conductivity at the same time. 
The PAn-polyquinone’s initial discharge approached the theoretical capacity of 290 
mAh/g. After capacity degradation for the first ten cycles, it gradually converged at 
about 200 mAh/g. Then, several polyquinones, as shown below, were evaluated, with 
better performance than earlier molecules due to solubility suppression. 
On the other hand, it is also possible to bind small molecules to polymer chains to 
increase the stability. Yoshida and his co-workers successfully bound 
pyrene-4,5,9,10-tetraone (PYT) to polymethacrylate (PPYT, 5), which showed a 
specific capacity of 231 mAh/g. It retained 83% capacity after 500 cycles, which was 
95.21% higher than PYT small molecules.[9] In addition, 90% capacity was retained 
when current density reached 30C. This is one of the most promising organic 
cathodes for LIBs recently. 
Aside from the polymerization method, direct sulfurization of some carbonyl 
molecules could also decrease the solubility. 
3,4,9,10-perylene-tetracarboxylicacid-diahuride (PTCDA) (6) was widely 
investigated due to its electrochemical activity and planar structure. Similar to other 
molecules, solubility is the main concern. Therefore, Sun and his co-workers 
polymerized PTCDA by using S as the linker to form thiother bonds between 
perylene rings, resulting in improvement of its stability and conductivity.[10] 
Although the capacity was relatively low, which was mainly caused by the molecular 
weight of PTCDA, this method can be applied to other small molecules to enhance 
the electrochemical performance.  
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Figure 3. Representatives of polymerization of small molecules. 
Salt formation 
Other than polymerization and oligomerization, the solubility of carbonyl containing 
molecules can also be suppressed by increasing their polarities via salt formation.  
The first study of such method was dilithiated 2,5-dihydroxy-1,4-benzoquinone 
(7).[11] The capacity dropped to 23% at the first 10 cycles, but it showed good 
stability as a small molecule. Later, Poizot used dilithiated oxcarbon (8), which 
showed a high capacity of 580 mAh/g.[3] But it failed to retain such high capacity 
after 25 cycles (dropped to about 50% of its initial capacity). From the examples 




Figure 4. Representatives of salt formation molecules. 
1.3.2 N containing molecules 
 
Figure 5. N containing molecules for LIBs. 
Another group of electrochemical active molecules is N-containing molecules.  
Researches in these molecules have only started in recent years.[12] Different from O 
atom in carbonyl molecules, N atom has more structural variety in different molecules, 
for an N atom has one more electron than an O atom. This character makes N 
containing molecules could exist as two types. One is molecules with C=N double 
bonds, whose redox reactions occur between neutral state and negatively charged. The 
other type is molecules only with C-N bonds, whose redox reactions occur between 
neutral and positively charged. Therefore, the performances are different among the 
molecules. The mechanisms of how these molecules work are not clear. One 
commonality is that conjugated amine structure exists in these molecules. Among 
these molecules, the simplest and extensively studied one is triazine, a bipolar 
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molecule. The bipolar property causes triazine to exhibit large reversible capacity of 
150 mAh/g during charge and discharge.[13, 14] Although PTPAn’s (10) capacity 
was low (only 109 mAh/g), but it had a good rate performance (up to 20C) and cycle 
performance (up to 1000 cycles).[15] 
Despite these efforts, there is still much room to improve the electrochemical 
performance of organic cathode materials. Meanwhile, the lithiation and delithiation 
mechanisms of N containing molecules is not clear and until now, which will put 
some hurdles on the way of optimizing the electrochemical performance of organic 
electrodes. Therefore, it is necessary to investigate their properties to develop novel 
molecules and explore the mechanisms at the same time. 
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Chapter 2 5,6,11,12,17,18-hexaazatrinaphthylene (HAT)  
To study 5,6,11,12,17,18-hexaazatrinaphthylene (HAT), a candidate material for LIBs, 
it is important to collect basic information about the molecule. Several 
characterizations were carried out on the synthesized molecule.  
2.1 Research background 
HAT, shown in Figure 6, is the prototype of a group of organic molecules, which 
were widely researched for organic electronic applications.[16] Based on previous 
X-Ray studies, it has a planar structure with six N atoms around the centre of the 
molecule and it exhibits D3h symmetry. Six C=N indicate the potential active sites. 
 
Figure 6. Molecular structure of HAT 
Previous MO calculation study indicated that its next lowest unoccupied molecular 
orbitals (LUMOs) are doubly degenerated and their energy levels are close to its 
LUMO energy level, which means a potential redox reaction with six-electron 
migration. Thus, HAT is likely to be a promising candidate for electrode material with 
a theoretical capacity of 418 mAh/g, which makes it more attractive.[17] 
HAT has been studied for LIBs cathode by Takayuki and his co-workers. At the 
beginning, the charge-discharge capacity was closed to theoretical value by less active 
material proportion (10% wt), but the performance was unstable due to its capacity 
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decrease within the first 20 cycles. It only retained a capacity of about 200 mAh/g 
with a poor coulombic efficiency in the following cycles. They attempted to improve 
the performance by incorporating functional groups (e.g. Cl, Br), but the results were 
not satisfactory enough. 
A systematic characterization and mechanistic study has to be investigated to 
understand the instability of HAT and other similar molecules. In this thesis, we 
relook at HAT and redevelop it as the target material for electrode material to 
understand more about N-containing molecules as lithium ion battery cathode 
materials. 
 
Figure 7. Charge-discharge process of HAT 
Figure 7 depicts the possible charge-discharge mechanism for this molecule, based on 
its structural analysis. Every nitrogen atom is assumed to participate in the redox 
reaction, hence involving 6 electrons.	  
2.2 Characterizations of HAT  
The properties of HAT have characterized by NMR, elemental analysis and TGA, 




Figure 8. FT-IR of HAT. 
The FT-IR results are displayed in Figure 8. C-H bond vibration is ascribed to a sharp 
peak at 756 cm-1and weak peaks around 3000 cm-1. Band in green, ranging from 1000 
to1200, might be assigned to conjugate vibration by carbon bones. Band from 1500 to 
1650 cm-1 generates from C=N double bond and C=C double bond, which are 
highlighted in blue.  
2.2.2 UV-Vis spectrum 
The UV-Vis analysis is shown in Figure 9. Two absorption peaks are clearly seen at 
382nm and 402nm, which can be assigned to the C=N bonds in the molecules. The 






Figure 9. UV-Vis of HAT. 
2.3 Diffraction pattern of HAT  
As shown in Figure 10, the powder XRD results can be clearly observed. Peaks 
appear at 24 degree and 27 degree, which may reveal the stacking structure. However, 
the intensities of these signals are weak, indicating that the structure is 
inhomogeneous in the synthesized molecules. It is worth pointing out that there were 
also sharp peaks at 8.9 degree and 15.7 degree. These peaks might be related to the 
ordered structure existing within the molecules.  
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Figure 10. XRD of HAT 
2.4 Morphology analysis of HAT 
2.4.1 SEM  
As shown in Figure 11, HAT nanowires are arranged lay by layer without certain 
directions under lower magnification (A and B). The widths of these nanowires range 
from 80nm to 200nm. The lengths are longer than 5µm. The wire structure is slightly 
ordered structure, which might be caused by π-π stacking among the molecules and 
revealed in the diffraction results.  
The product can be spontaneously self-assemble form nanowire under different 






Figure 11. SEM images of HAT 
2.4.2 TEM 
More structural details can be observed from the TEM images in Figure 12. It 
confirms the nanowire shape of the synthesized HAT. At the edge of the nanowire, 
the evidence of stacking can be seen (red circles in A and B). 
The width of the wire is about 100nm. It is noticeable that some lattice-pattern parts 
can be observed at the edges of wires (red circles in C). These parts are supported by 
SEAD pattern (D). However, the lattice-pattern parts are not seen at the every 




Figure 12. TEM images of HAT 
2.5 Concluding remarks 
1. The HAT molecules were successfully characterized and verified; 
2. Different characterizations were conducted to explore the property;  
3. FT-IR and UV-Vis supports the structure confirmation of the synthesized 
molecules; 
4. It has nanowire morphology, which could be seen via SEM and TEM. But the 
ordered structure was not homogeneous; 
5. In this study, the morphology of HAT was nanowire. More study should be carried 
out in the future work to under the co-relation between capacity and morphology.
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Chapter 3 Electrochemical characterizations and cathode 
performance of HAT for LIBs 
3.1 Battery assembly strategies 
It is a common knowledge that electrode solubility plays an important role in organic 
LIBs. The solubility could significantly lower the performance of the electrode. 
Therefore, different battery assembly strategies were chosen in this study to reduce 
solubility. Several attempts were conducted to find out the appropriate assembly 
methods for our organic electrode material. 
Other than polymerization, changing electrolyte system is another important route to 
optimize battery performance. In this study, another commercial electrolyte, 
DOL/DME (1M LiTFSI), was chosen as a second assembly condition. Hence, a 
comparative study between different electrolytes was conducted. 
3.2 HAT in EC/DMC system 
3.2.1 Cyclic voltammogram curves 
The cyclic voltammograms of HAT electrode in EC/DMC system are shown in 
Figure 13. Two couples of obvious redox peaks can be observed ranging from 2.0 to 
3.2 V. Two oxidation peaks appear at the voltage of about 2.6 V and 2.9 V, while a 
pair of reduction peaks emerges at 2.5 V and 2.0 V. All the peaks are assigned to 
lithium ions attracted by coordination with nitrogen atoms of the molecules.  
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Figure 13. CV of HAT in EC/DMC. 
3.2.2 Charge and discharge performance 
Figure 14 shows the charge-discharge profiles of HAT in EC/DMC electrolyte. It can 
be observed that the specific capacity reaches 215.6 mAh/g at the beginning, but soon 
it drops 53.9% after 20 cycles. All the charge-discharge plateaus emerge according to 
the CV peaks. The curves at 3.9 V and 1.0V have significant changes from the first 30 
cycles. The changes indicate that irreversible reactions are occurring at this voltage. 
Irreversible reaction can be caused by many reasons, like irreversible Li+ coordination, 
reaction of electrolyte and formation of solid electrolyte interface (SEI) etc. 
According to the shown curves, the capacity fading tends to be slower after 30 cycles, 
but the capacity decreases dramatically. Consequently, the capacity is only 64 mAh/g 
after 150 cycles.  
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Figure 14. Charge-discharge of HAT in EC/DMC. 
3.2.3 Cycle performance 
Figure 15 reveals the stability problem of cycle performance within 150 cycles. It can 
be easily seen that the capacity mainly decreases during the first 30 cycles. Although 
the coulombic efficiency is close to 99%, the capacity drops continuously. This might 
be induced by material dissolution in the electrolyte. These results demonstrate that 
the present electrolyte isn’t suitable for HAT as a cathode material for LIBs. 
Therefore, assembly condition must be altered in the coming researches. 
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Figure 15. Cycling performance of HAT in EC/DMC. 
3.3 HAT in DOL/DME system 
Based on previous results, strong electrolyte effect could be seen in EC/DMC 
electrolyte. The main shortcoming of the organic electrode is material dissolution. In 
order to keep the electrode away from disturbances in the coin cells, it is 
indispensable to choose proper assembling electrolytes for organic cathode material in 
this study. 
DOL/DME (1M LiTFSI) electrolyte is usually used in Li-S batteries. Since the 
cathode material can be hardly dissolved in DOL/DME solvent, new assembly 
strategy was conducted for batteries. 
3.3.1 Cyclic voltammogram curves 
Five of sharp redox peaks, ranging from 1.1 to 3.9 V, can be seen from cyclic 
voltammogram curves in Figure 16. One is at 1.5 V; the other four appear at 2.2 V, 
2.4 V, 2.5 V and 2.7 V respectively. The reduction peaks emerge at 1.5 V, 1.7 V and 
2.4 V. The redox peaks are sharp, suggesting that obvious redox reaction occurred 
during voltage change. Furthermore, the peaks’ intensity doesn’t decrease obviously 
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after ten cycles, indicating a good reversibility. Based on the results, it can be 
predicted that the electrode might have a good stability and better cyclability under 
DOL/DME system. 
 
Figure 16. CV of HAT in DOL/DME. 
3.3.2 Charge and discharge performance 
As shown in Figure 17, the capacity of 262 mAh/g can be delivered by the 
charge-discharge plateaus appeared according to the voltage position of CV peaks in 
the potential window of 1.1 to 3.9 V. During the first 20 cycles, the capacity was not 
as high. This was a period of time of activation, according to the formation of stable 
SEI. It is worth to point out that the first twenty cycles was a key step to this kind of 
electrode. After 150 cycles, the capacity is stabilized and retained at this level without 
any further obvious decrease.  
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Figure 17. Charge-discharge of HAT in DOL/DME. 
3.3.3 Cycle performance 
Figure 18 illustrates the cycle performance of HAT in DOL/DME electrolyte. Based 
on the analysis of charge-discharge curves, the capacity dropped during the first 20 
cycles because of the formation of SEI layer. This could also be seen from the first 
cycle discharge capacity and its coulombic efficiency. After 20 cycles, the 
charge-discharge performance becomes stable. At 150 cycles, it still has a capacity of 
259 mAh/g, retaining 98.9% capacity of its initial capacity. The coulombic efficiency 




Figure 18. Cycling performance of HAT in DOL/DME. 
3.3.4 Rate performance 
The stability and capacity retention of the cathode can be presented by rate 
performance under different current densities. The rate results of the molecules are 
shown in Figure 19. The capacity gets to stable gradually in first 20 cycles by 
reaching to 245 mAh/g. The coulombic efficiency is about 98%. This is caused by 
some irreversible reactions, which is mentioned in previous discussions. After 20 
cycles, the performance is stabilized. At 200 mA/g, the capacity is 220 mAh/g. When 
the current density is increased to 400 mA/g, 600 mA/g, 800 mA/g and 1000 mA/g, 
the capacities retain at 175 mAh/g, 150 mA/g, 125 mAh/g and 110 mAh/g 
respectively. The electrode retains 40.7% of its initial capacity when current density is 
10 times of starting condition. Importantly, even after large current densities test, the 
capacity can be restored to the previous level, which shows a good reversibility. 
What’s more, during the rate tests, the coulombic efficiency is closed to 100%. The 
results show that HAT reveals reasonable stability as a cathode material under 
different current densities, which reveals the probability for fast charge-discharge 
with an acceptable capacity for energy storage applications.  
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Figure 19. Rate performance of HAT in DOL/DME. 
3.3.5 Long cycle performance 
According to the rate performance, long cycles with large current densities were 
conducted at 200 mA/g and 400 mA/g after low current activation in first 20 cycles.  
 
Figure 20. Long cycle test of HAT at 200mAh/g. 
The capacity at 200 mA/g group is stable with acceptable capacity decrease. The 
capacity retains about 230 mAh/g by 200 cycles. Then a slight decrease occurs after 
200 cycles. The capacity retains 210 mAh/g after 500 cycles with 8.7% decrease, 
indicating a stable performance with high capacity. It is worthy to notice that the 
coulombic efficiency is about 100% during 500 cycles’ test.  
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When the current density increases to 400 mA/g, the capacity still retains about 208 
mAh/g at the beginning. It decreases to 187 mAh/g, retaining 92.2% of the initial 
capacity after 500 cycles. The coulombic efficiency is stable around 100%. Moreover, 
compared with above results, the initial capacity at 400 mA/g is only 10% lower than 
200 mA/g, showing the organic material has high performance for fast 
charge-discharge rate. 
 
Figure 21. Long cycle test of HAT at 400mAh/g. 
3.4 Concluding remarks 
1. Different assembly strategies have been chosen to investigate the effect towards the 
performance of HAT as cathode for LIBs. The dissolution of the organic electrode 
active material in electrolyte is the most important shortcoming. HAT dissolved 
severely in EC/DMC electrolyte in our study. This dissolution was even obviously 
seen during battery assembly, resulting in fast capacity decrease in 30 cycles. Thus, 
HAT in EC/DMC system shows poor cyclability. 
2. Compared with 1M LiPF6 in EC/DMC electrolyte, 1M LiTFSI in DOL/DME 
electrolyte system can significantly increase the stability of HAT cathodes. In 
DOL/DME electrolyte, the dissolution was obviously restrained during the assembly 
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procedure. Consequently, the capacity decrease is much lower than that, reaching to 
260 mAh/g (capacity decrease less than 5% after 150 cycles). Furthermore, the 
coulombic efficiency is stabilized at a perfect level (closed to 100%) during the test. 
As an alternative pathway to prevent material dissolution (like polymerization and salt 
formation), optimizing assembly strategies is a fast, efficiency choice to enhance 
electrode materials’ performance. 
3. The cathodes perform stable at different current densities with a 100% coulombic 
efficiency. As a candidate material for cathode, HAT performs stably with higher 
capacity than most known organic cathode materials. It has a reversible capacity of 
270 mAh/g with an almost 100% coulombic efficiency for 150 cycles. What’s more, 
the cathodes could retain more than 91% initial capacity after 500 cycles, both at 200 
mAh/g and 400 mAh/g, showing a remarkable long cycle performance. These results 
showed obvious advantages among previous organic cathode materials. 
4. The theoretical calculated capacity is 418 mAh/g while the actual tested capacity is 
about 270 mAh/g. The reason why actual capacity is lower than calculation value is 
still unknown and completed. It’s necessary to design further experiments to explore 
the answer. 
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Chapter 4 Experimental section 
4.1 Materials and instruments need in this study 
All the chemicals and materials needed in this study were listed in the Table 1 below. 
Table 1. Materials needed in this study. 
Item Company Purity 
o-phenylenediamine Sigma-Aldrich 99.5% 
Hexaketocyclohexane octahydrate Sigma-Aldrich 97% 
Ethanol Merck ACS grade 
Acetic acid glacial RCI  AR 
Nitric acid 65% RCI AR 
N,N-Dimethylformamide Merck ACS grade 
Vapor Growth Carbon Fibre Showa denko 99%+ 
Super P TIMCAL >99% 
Polyvinylidene fluoride MTI Company >99.5% 
N-methyl-2-pyrrolidinone Sigma-Aldrich 99% 
Aluminum foil  MTI Company >99.3% 
Aluminum chip MTI Company 99.9% 
1M LiPF6 in EC/DMC electrolyte MTI Company 99.9% 
1M LiTFSI in DOL/DME electrolyte Solvionic 99.9% 
Instruments needed in this study were listed in the Table 2 below. 
Table 2. Instruments needed in this study. 
Item Company Model 
Magnetic stirrer IKA RCT basic 
Tube furnace MTI company OTF-1200X 
Nuclear magnetic resonance Bruker UltraShield 300 
Elemental analysis Elementar Vario Micro Cube 
TGA analysis TA Instrument 2960(DTA-TGA) 
FT-IR Bruker VERTEX 80v 
Powder XRD Bruker D5005 
UV-Vis Shimadzu UV-3600 
SEM JEOL JSM-6701F 
TEM JEOL JSM-3010 
Argon glove box VAC The omni-lab 
Battery press MTI company MSK-110 
Vacuum oven Bluewave Industry DZF-6090 
Electrochemical analyzer  IVIUM Technologies IVIUMnSTAT 
Battery tester Land CT2001A 
Electronic balance Mettler Toledo XS105 
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4.2 Synthesis of HAT 
	  
Figure 22. Pathway of synthesizing HAT. 
 
Figure 23. Synthesized HAT 
The synthesis method was shown in Figure 22. Hexaketocyclohexane octahydrate 
(0.49g, 0.16mmol) and o-phenylenediamine (0.52g, 0.48mmol) were added in to 50ml 
1:1 mixture of glacial acetic acid and ethanol (ACS grade). The mixture was refluxed 
at 140oC for 24 h under nitrogen protection. After that, the reaction mixture was 
filtered and washed by hot acetic acid for three times. Then the obtained light green, 
needle shape solids were transferred into 30% nitric acid and refluxed for another 3 h. 
The refluxed solids were filtered and washed by DI water and ethanol. The washed 
solids were dehydrated in oven overnight. After that, further purification was 
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conducted by heating at 350oC with argon blowing for two hours (0.65g, 65%). 
shown in Figure 23. 1H NMR (CDCl3, 300MHz, 298K): δ: 8.72ppm (dd, 6H) and 
8.08-8.43 ppm (m, 6H). 13C NMR (CDCl3, 300MHz, 298K): 144.27, 132.97, 131.35. 
 
Figure 24. 1H NMR of HAT 
 
Figure 25. 13C NMR of HAT 
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4.3 Characterizations of HAT 
1H NMR and 13C NMR (300MHz) were used to verify the structure and purity of the 
product. 10mg of synthesized HAT fully dissolved in CDCl3. Then, took 0.6ml into 
the NMR tube for the test.  
The product was also sent for elemental analysis. C24H12N6: C, 74.99, H, 3.15, N, 
21.86. 10mg dried product for C, H and N analysis. 
TGA test was carried out from 10 degree to 1000 degree, with a heating rate of 10 
degree/min under nitrogen protection.  
Pure product of HAT is yellow solid as shown in the picture below. This was the 
same with Marder’s previous work.[16]	  
The elemental calculation and test results were listed in Table 3.  
Table 3. Elemental analysis results of synthesized products 
Element C (%) H (%) N (%) 
Calculation value 74.99 3.15 21.86 
Analysis value 74.10 2.96 22.08 
3.2 TGA analysis of HAT 
The TGA result was shown in Figure 26. The TGA result shows that Minimal weight 
loss (around 10%) occurred up to 400oC, which could be explained by the loss of 




Figure 26. TGA results of HAT by weight loss percentage. 
The FT-IR spectra were recorded by using KBr pellets. 5mg sample was mixed with 
KBr and fully ground. The ground mixture was the put into the press to make the 
pellet. The pellet was on Spectrometer (Bruker, USA) by transmittance mode with 64 
scans. The wavenumber ranged from 370 to 4000 cm-1. 
Sample was prepared by dissolving products in chloroform. Then, UV-Vis was used 
to test the sample with wave range from 200 to 800nm. 
Powder XRD data were collected. The sample was fully ground and pressed into a 
thin layer on a glass support before test. Bruker diffractometer with Cu Kα radiation 
was used. The 2-theta range was 1.4 degree to 50 degree with a scan rate of 0.05 
degree. 
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2.3.8 Morphology characterizations 
For SEM test, 10mg of sample was thoroughly dispersed in DMF by sonication. Then, 
the mixture was drop casted onto the surface of silicon chip. After that, the sample 
chip was dried in 80oC oven overnight to remove the DMF solvent. 
In order to enhance the sample’s conductivity, the sample surface was coated with 
platinum for 40 seconds with a current of 20mA. Different magnifications were taken 
during the test. 
Similar to SEM sample preparation, TEM sample was prepared by DMF dispersion, 
but more diluted. Copper grids were dip into the mixture to collect the sample. After 
drying overnight, the sample grid could be used for the test. 
4.4 Battery assembly and electrochemical characterizations 
4.4.1 Battery assembly 
Electrochemical performance was evaluated by CR2016 coin-type cells. Lithium foil 
and one piece of GE Whatman GF/D glass fibre membrane were assembled in the cell 
and soaked with two different types of electrolytes. One is 1M LiPF6 in ethylene 
carbonate (EC) and dimethyl carbonate (DMC) (1:1 v/v) electrolyte solution. The 
other one is 1M LiTFSI in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) 
(1:1 v/v) electrolyte solutions.  
The working electrode was the composite of a mixture of 30% wt of active material 
HAT, 45% wt Vapor Growth Carbon Fibre (VGCF, Showa denko, Japan), 15% wt 
Super P and 10% wt of polyvinylidene fluoride (PVDF) binder,which has initially 
been dissolved in NMP to form well-distributed slurry. The mixture was then coated 
on aluminum foil by using doctor blade. The electrode was dried in vacuum oven 
overnight to remove NMP before battery assembly. All the cell assembly procedures 
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were conducted in argon filled glove box with moisture and oxygen level below 0.2 
ppm. 
4.4.2 Electrochemical measurements 
Galvanostatic experiments were conducted on LAND battery testing system at room 
temperature. Also, CV was used to me sure the configuration of cells with the voltage 
range from 1.1 to 4.0 V (EC/DMC system) or 1.1 to 3.9 V (DOL/DME system) for 10 
cycles (scan rate: 0.01mVs-1). Rate test was conducted under different current 
densities. From 100mA/g to 1000mA/g, with each step proceed for 20 cycles. 
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